Study Objectives: The cyclic sequence of NReM and ReM sleep, the so-called ultradian rhythm, is a highly characteristic feature of sleep. However, the mechanisms responsible for the ultradian ReM sleep rhythm, particularly in humans, have not to date been fully elucidated. We hypothesize that a stage transition mechanism is involved in the determination of the ultradian ReM sleep rhythm. Participants: Ten healthy young male volunteers (age: 22 ± 4 years, range 19-31 years) spent 3 nights in a sleep laboratory. The first was the adaptation night, and the second was the baseline night. on the third night, the subjects received risperidone (1 mg tablet), a central serotonergic and dopaminergic antagonist, 30 min before the polysomnography recording. Measurements and Results: We measured and investigated transition probabilities between waking, ReM, and NReM sleep stages (N1, N2, and N3) within the ReM-onset intervals, defined as the intervals between the onset of one ReM period and the beginning of the next, altered by risperidone. We also calculated the transition intensity (i.e., instantaneous transition rate) and examined the temporal pattern of transitions within the altered ReM-onset intervals. We found that when the ReM-onset interval was prolonged by risperidone, the probability of transitions from N2 to N3 was significantly increased within the same prolonged interval, with a significant delay and/or recurrences of the peak intensity of transitions from N2 to N3. Conclusions: These results suggest that the mechanism governing NReM sleep stage transitions (from light to deep sleep) plays an important role in determining ultradian ReM sleep rhythms.
neurons themselves. Although further modifications of the original reciprocal interaction model, e.g., the incorporation of selfinhibitory cholinergic autoreceptors and excitatory interactions between cholinergic and non-cholinergic REM-on neurons, have been proposed over the past 30 years with new findings of synaptic details of the model, none of these appear to have produced substantial changes in the basic framework of the original cholinergic-monoaminergic (REM-on-REM-off) reciprocal interaction. 5, 6, 8 It is therefore straightforward to observe the shortening of REM-onset intervals by a cholinergic agonist and the prolongation by a cholinergic antagonist. 12 However, according to various monoaminergic/cholinergic models, 2 the monoaminergic antagonist should shorten REM-onset intervals, because decreased neurotransmission of monoaminergic neurons should result in the activation of cholinergic neurons via decreased inhibition of cholinergic neurons, while actual experimental observations in rats 13 and humans 14 show the opposite effect. On the other hand, γ-aminobutyric acid (GABA)-ergic neuronal populations have also been shown to be involved in REM sleep regulation. 15, 16 A flip-flop switch model for REM sleep alternation has recently been proposed, in which the ultradian REM sleep alternation is controlled by mutually inhibitory interactions between GABA-ergic REM-on and REM-off neuronal populations. 15 As this model assumes that the GABA-ergic REM-off neurons have excitatory inputs from monoaminergic REM-off neurons, it is also expected that the monoaminergic antagonist should shorten the REM-onset intervals. This is because decreased neurotransmission of monoaminergic neurons should lead to the decreased firing of GABA-ergic REM-off neurons, resulting in the disinhibition (i.e., activation) of GABA-ergic REM-on neurons. This is again inconsistent with actual experimental findings.
INTRODUCTION
One of the critical moments in sleep research came in 1953 with the discovery of REM sleep. 1 Since then sleep has been regarded as an active process rather than merely the cessation of activity. Sleep is, by nature, not a static but a dynamic phenomenon, resulting from complex interactions of the behavior of central neurons, mainly in the hypothalamus and brainstem. [2] [3] [4] [5] [6] [7] [8] Above all, the cyclic sequence of NREM and REM sleep, or the so-called ultradian rhythm, is a highly characteristic feature of sleep. 9 The ultradian REM sleep rhythm is probed through REM-onset intervals, defined as the intervals between the onset of one REM period and the beginning of the next. 10 For many years, the well-known reciprocal interaction model by McCarley and Hobson 5, 6, 11 has been used to describe ultradian periodicity, the approximately 90-min sleep cycle, indicating that NREM-REM cycles are controlled by both cholinergic and monoaminergic neuronal systems. In the original reciprocal interaction model, cholinergic neurons act as REM-on cells and send excitatory synapses to monoaminergic neurons (REM-off cells) and to the cholinergic neurons themselves, while monoaminergic neurons act as REM-off cells and send inhibitory synapses to cholinergic neurons and also to the monoaminergic lack of a counterbalanced study, as the study design entailed a fixed sequence of events, we also studied a matched control group as follows.
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Control group
The subjects in the control group were 7 healthy young male volunteers (age: 23 ± 1 years, range 21-25 years). None of the subjects had any history of sleep disorders or any other form of physical or psychiatric illness. The subjects had regular sleepwake cycles, were not in the habit of taking a nap or consuming alcoholic beverages before sleep, and were drug-free nonsmokers. After an explanation of the risks and benefits, all the subjects gave their informed written consent, before undergoing this study. The ethics committee of Hiroshima University approved this study.
The subjects were asked to arrive at the laboratory 3 hours before their retiring time and prepare for the PSG recording. They spent 3 successive nights in the laboratory. No drugs were administered. Further information is available in the paper by Tamaki et al.
21
Polysomnography
The subjects in the experimental group underwent nocturnal PSG by means of standard procedures that included recording a sleep electroencephalogram (EEG; C3/A2 and O1/A2), electrooculogram (EOG), submental electromyogram (EMG) and electrocardiogram (ECG). Sleep was scored every 20 sec, according to the standard criteria of Rechtschaffen and Kales (R&K). 22 Sleep stages were scored by dividing a sleep recording into non-overlapping epochs of equal duration (20 sec), and a single stage was assigned to each epoch. Information about the PSG of the subjects in the control group is available in the paper by Tamaki et al.
21
Data Analysis
In 2007, the American Academy of Sleep Medicine (AASM) modified the standard guidelines for sleep scoring by R&K 22 and developed new guidelines (the AASM standard). 23 As the data from these experiments had previously been scored according to R&K, in this study we combined stages 3 and 4 to approximate the new AASM standard. We have thus re-formulated our transition analysis within the framework of AASM (waking, REM sleep, and NREM sleep [N1, N2, and N3]) for this and prospective papers.
Behavioral state transition probabilities were calculated between Waking (W), REM sleep (R), N1, N2, and N3. Epochs of movement time were regarded as waking epochs in the analysis. The transition probabilities were calculated both by dividing the number of transitions between behavioral states by the total number of all transitions (the global transition probability:
), and by dividing the number of transitions from a specific state to one of the other states by the total number of transitions from that specific state to another state (the normalized transition probability:
), where {A, B, X, Y } are derived from {W, R, N1, N2, and N3} and X→Y is the number of tranRecently, analysis of behavioral state transitions, including sleep stage transitions, has been shown to be useful since it can shed light on new properties of sleep regulation. 17, 18 We have recently reported that risperidone, which is an atypical antipsychotic drug and is a very potent antagonist of central 5-hydroxytryptamine-2 (5-HT 2 ) receptors and dopamine D 2 receptors (and also has α 1 -and α 2 -adrenergic and histaminergic H 1 blocking properties and little affinity for cholinergic receptors), 19 alters dynamic sleep stage transitions from light (stage 2) to deep (stage 3) sleep. 14 We have also reported that REM-onset intervals are prolonged when risperidone is administered.
14 These findings suggest that sleep stage transitions from light to deep sleep may play a key role in the prolongation of the ultradian REM sleep rhythm. In this regard, prior models for ultradian REM sleep alternation have not taken into account such a key factor as transitions between light and deep sleep within NREM sleep, which is a characteristic feature of human sleep.
To date, data have not been presented to indicate a direct correspondence between sleep stage transitions and REM-onset intervals. Furthermore, there is as yet no explanation for the discrepancy between the experimental observations and the theoretical explanation derived from the model as to the effect of monoaminergic antagonists on ultradian REM sleep rhythm. Therefore, in the present study, we test our hypothesis that the mechanism governing NREM sleep stage transitions (from light to deep sleep) is involved in the determination of the ultradian REM sleep rhythm. Specifically, we investigate the stage transition probability and the temporal pattern of the underlying stage transition "intensity" within the REM-onset interval altered by risperidone.
METHODS
Subjects
Experimental group
The subjects in the experimental group were 10 healthy young male volunteers (age: 22 ± 4 years, range 19-31 years). 14, 20 None of the subjects had any history of sleep disorders or any other form of physical or psychiatric illness. The subjects had regular sleep-wake cycles, were not in the habit of taking a nap or consuming alcoholic beverages before sleep, and were drug-free non-smokers. After an explanation of the risks and benefits, all the subjects gave their informed written consent, before undergoing this study. The ethics committee of Shimane University School of Medicine approved this study.
The subjects were asked to arrive at the sleep laboratory at 21:00 and prepare for polysomnographic (PSG) recording. The subjects spent 3 nights in the laboratory. The first was the adaptation night and the second was the baseline night. On the third night the subjects received risperidone (1 mg tablet) 30 min before the PSG recording. The subjects went to bed and woke up at their usual time. Considering the individual variations of the circadian rhythm, we fixed neither retiring nor waking times uniformly.
We did not employ a counterbalanced study design for the following reasons: (1) Administering the drug first would be problematic because of possible lingering or rebound effects; (2) The long washout phase (e.g., a week) would completely alter the study design. In order to overcome the problem of the 
Statistical Analysis
Differences in transition probabilities between nights for each group were assessed using a paired t-test, which was performed on probabilities for each subject in a group of normalized transition probabilities. Differences in mean REM-onset intervals between nights for each group were assessed using a non-paired t-test, as the number of REM-onset intervals was different between nights for each group. Differences in cyclebased mean REM-onset intervals between nights for the experimental group were assessed using the Mann-Whitney U test. Differences in positions of peaks of transition intensities within paired REM-onset intervals between nights were assessed using Welch's t-test. Differences in the number of peaks of transition intensities within paired REM-onset intervals between nights were assessed using a paired t-test. Statistical significance was accepted when P < 0.05.
RESULTS
Control Group
Traditional sleep variables
Traditional descriptive statistics of sleep parameters during the second night and the third night for the control group are shown in Supplementary Table S1 . There were no significant differences in the traditional sleep variables between the second night and the third night.
sitions from behavioral states X to Y (X ≠ Y ) during the whole night's sleep. 18 Mean ± SD of the number of continuous runs of each behavioral state (i.e., periods of consecutive epochs of the same state bounded by one of the other states) 24 analyzed per subject and night for the control group and for the experimental group are shown in Table 1 and Table 2 , respectively. In Table 4 and Supplementary Tables S2-S5, the averages of the transition probabilities are shown, using the mean transition probability for the whole condition.
The intervals between the onset of one REM period and the beginning of the next (REM-onset intervals) were calculated according to criteria derived from Feinberg. 10 In keeping with these criteria, a REM period was accepted as complete if it was ≥ 5 min in duration (except for the first REM period, which has no minimum length). REM periods of duration < 5 min were conjoined with the succeeding REM period. REM periods interrupted by NREM sleep ≤ 15 min were treated as single periods; if > 15 min of NREM sleep intervened, they were scored as 2 separate REM periods. For the treatment of the waking time, we subtracted the waking time when calculating the intervals, because a previous study has shown that the REM sleep cycle is sleep dependent. 25 Distributions of REM-onset intervals were analyzed by pooling those of all of the individuals in each condition.
When analyzing the relationship between the REM-onset interval and the behavioral state transition probability, the sleep cycles of each subject were considered: we matched the REM-onset interval for the baseline night and that for the risperidone night by the same subject and the same sleep cycle (Figure 1 ). Among these matched pairs, pairs were extracted for the analysis of which the REM-onset intervals for the risperidone night were prolonged, in conformity with the overall result.
14 When the number of REM-onset intervals was different between the baseline and the risperidone night for the same subject, REM-onset intervals which did not have matched pairs were not included in this analysis. Then, normalized transition probabilities within REM-onset intervals which belong to extracted matched pairs (paired REM-onset intervals) were calculated.
The temporal pattern of behavioral state transitions was analyzed by calculating the transition intensity which was obtained as follows: (1) Point processes were generated for each subject, set to 1 at each point where a transition occurred, and otherwise P = 0.037). There were no other signifi cant changes in the sleep parameters.
Transition probabilities
Global and normalized transition probabilities between the 6 behavioral states (W, R, stages 1, 2, 3, and 4) for the experimental group have been published elsewhere.
14 Global and normalized transition probabilities between the 5 behavioral states (W, R, N1, N2, and N3) within the framework of the AASM standard for the experimental group are shown in Supplementary  Table S4 and Table S5 , respectively. The results are illustrated in the simplifi ed diagram in Figure 3B . In the global transition probabilities between waking, REM sleep, N1, N2, and N3, the transitions between N2 and N3 (N2 → N3 and N3 → N2) were signifi cantly greater for the risperidone night (30.3% for N2 → N3 and 29.2% for N3 → N2) than for the baseline night (21.8% for N2 → N3 and 20.8% for N3 → N2), and the transitions from N1 to N2 (N1 → N2) were signifi cantly greater for the baseline night (9.4%) than for the risperidone night (6.2%). In the normalized transition probabilities, the transitions from N2 to N3 (N2 → N3) were signifi cantly greater for the risperidone night (72.3%) than for the baseline night (56.7%).
REM-onset intervals
The mean REM-onset interval was signifi cantly longer for the risperidone night (128.0 ± 45.3 min) than for the baseline night (95.0 ± 27.7 min) (P < 0.01) ( Figure 4B ). When analyz-
Transition probabilities
Global and normalized transition probabilities between the 5 behavioral states (W, R, N1, N2, and N3) for the control group are shown in Supplementary Table S2 and Table S3 , respectively. The results are illustrated in the simplifi ed diagram in Figure 3A . The global transition probabilities from N1 to REM were signifi cantly different between the second night (3.6%) and the third night (3.9%). The mean normalized transition probabilities did not differ signifi cantly between the second night and the third night.
REM-onset intervals
The mean REM-onset interval did not differ signifi cantly between the second night (91.4 ± 14.7 min) and the third night (94.0 ± 21.0 min) ( Figure 4A ).
Experimental Group
Traditional sleep variables
Traditional descriptive statistics of sleep parameters during the baseline night and the risperidone night for the experimental group have been published elsewhere. 20 Following risperidone administration, there was a signifi cant increase in the percentage of stage 2 sleep to total sleep period (baseline; 58.5% ± 6.3%, risperidone; 65.3% ± 5.9%, P = 0.017), and a significant decrease in the percentage of REM sleep to total sleep period (baseline; 23.0% ± 2.3%, risperidone; 17.3% ± 5.0%, Table 4 . When the REM-onset interval was prolonged by risperidone for the risperidone night compared to the corresponding interval for the baseline night matched by the same sleep cycle of the same subject, the normalized transition probability from N2 to N3 (N2 → N3) within matched intervals for the risperidone night was significantly greater than that for the baseline night (P < 0.01), and there was a significant decrease of the probability of transitions from N2 to W (N2 → W)
ing the difference of the cycle-based mean REM-onset intervals between nights, the mean first REM-onset interval was significantly longer for the risperidone night (142.9 ± 50.4 min) than for the baseline night (95.7 ± 27.5 min) (P < 0.05) ( Table 3) .
Transition probability within the altered REM-onset interval
Normalized transition probabilities between 5 behavioral states (W, R, N1, N2, and N3) within paired REM-onset inter- Figure 1B . The point process in panel B consists of 0 and 1, set to 1 at each point where a transition from N2 to N3 occurred, and otherwise to 0. The transition intensity time series from N2 to N3 is calculated by smoothing the point process in panel B by taking a Hanning window-based weighted moving average for data from 10 min before to 10 min after the current window. cantly different in the baseline night and the risperidone night (P < 0.05); peaks of transition intensities from N2 to N3 for the risperidone night were significantly delayed when compared to the baseline night (61.0 ± 18.9 min for the baseline night and 87.8 ± 54.8 min for the risperidone night; values are presented as mean ± SD, Figure 5C ). The number of peaks of transition intensities from N2 to N3 was significantly different in the baseline night and the risperidone night (P < 0.01); the number of peaks of transition intensities from N2 to N3 was significantly greater for the risperidone night (1.9 ± 1.4; mean ± SD) than for the baseline night (0.7 ± 0.6; mean ± SD) ( Figure 5D ).
DISCUSSION
There is a consensus that sleep displays an approximately 90-min periodicity, the so-called ultradian rhythm, in which alternations of NREM sleep and REM sleep successively occur. 9 Although such a conceptual periodicity of the sleep cycle is well recognized, actual hypnograms display rather complicated, apparently non-periodic sequences of transitions between behavioral states (Waking, REM, N1, N2, and N3). Recent studies have shown that these complicated transitions are not merely random. Rather, distributions of durations of each behavioral state exhibit stage-specific behavior, 17, 18 suggesting that episodes of each behavioral state of every duration are meaningful. Thus, detailed analyses of state transitions between one REM sleep stage and the subsequent REM stage may be important for elucidating the to date unexplained mechanism(s) responsible for the ultradian rhythm. 26 for the risperidone night when compared to the baseline night (P < 0.01). No other pattern of transitions was significantly different between conditions.
Temporal pattern of transition intensities within the altered REM-onset interval
After verifying the relationship between the prolonged REM-onset interval and the increased probability of transitions from N2 to N3, we set out to examine the temporal pattern of transitions from N2 to N3 within prolonged REM-onset intervals. Intensities of the transitions from N2 to N3 within paired REM-onset intervals for the baseline night and for the risperidone night are shown in Figure 5A and B. Positions of peaks of transition intensities from N2 to N3 were signifi- aminergic antagonists on REM-onset intervals. Importantly, this also holds true for the recently proposed GABA-ergic flipflop switch model. 15 In the present study, we have elucidated the contribution of the mechanisms regulating dynamic sleep stage transitions to the ultradian REM sleep rhythm. Specifically, the sleep stage transition from light (N2) to deep (N3) sleep, which should partially be driven by a serotonergic and dopaminergic antagonist, was related to the prolongation of the REM-onset interval. Because there is virtually no transition permitted diOur present study is the first to demonstrate that the state transition mechanism may be involved in the determination of the ultradian REM sleep rhythm. In addition, we demonstrate that the temporal structures of sleep stage transitions may be influenced by specific neurotransmitters. Specifically, we have established that the antagonist of serotonin 5-HT 2 receptors and dopamine D 2 receptors increases dynamic transitions from light (N2) to deep (N3) sleep, together with the significant prolongation of REM-onset intervals, with the significant delay and/or recurrences of the intensity of transitions from light (N2) to deep (N3) sleep.
Observations of prolonged REM-onset intervals by a monoaminergic antagonist, 13, 14 together with suppressed REM sleep activity (e.g., increased REM latency and reduced REM sleep durations), [27] [28] [29] Normalized transition probabilities between Waking (W), ReM sleep (R), N1, N2, and N3 within paired ReM-onset intervals for the baseline night and the risperidone night for the experimental group. The labels (W, N1, N2, N3, and R) in the rows denote the preceding states, and those in the columns denote the subsequent states of transitions. **p < 0.01 from the baseline night.
nist. In the case of the normal REM-onset interval for the baseline night, the mean peak time of the intensity of the transitions from N2 to N3 was approximately 60 min from the start of the REM-onset interval, and the number of peaks of the intensity of the transitions from N2 to N3 was mostly only one or none. These observations are consistent with the traditional understanding of the apparent periodicity of the sleep cycle. 9 Similarly, by using the notion of the transition intensity, a previous study has also shown that NREM to REM transitions display a 90-min periodicity. 31 In the case of the prolonged REM-onset rectly from deep sleep stages (stages 3 or 4 in R&K) to the REM sleep stage in humans, 14, 18 the increased transition probability to slow wave sleep by risperidone should also contribute to the prolongation of REM-onset intervals, possibly together with the suppression of the transitions to REM sleep. This is complemented by a previous study showing that dopamine plays a key role in the genesis of REM sleep. 30 We also reveal that the temporal pattern of transitions from light (N2) to deep (N3) sleep is signifi cantly altered when REM-onset intervals are prolonged by monoaminergic antago- Figure 5 -intensities of transitions from N2 to N3 within paired ReM-onset intervals for the baseline night (A) and the risperidone night (B), the mean position of peaks of transition intensities from N2 to N3 for the baseline night and the risperidone night (C), and the mean number of peaks of transition intensities from N2 to N3 for the baseline night and the risperidone night (D). The peak of the intensity of transition from N2 to N3 was signifi cantly delayed for the risperidone night compared to the baseline night (*p < 0.05). The number of peaks of the intensity of transition from N2 to N3 was signifi cantly increased for the risperidone night compared to the baseline night (**p < 0.01). 
Time (min) Transition intensity
A B explaining the effect of monoaminergic antagonists on REMonset intervals still remain unknown, it may in the future be possible to elucidate them by incorporating a mechanism governing NREM sleep stage transitions into the existing reciprocal interaction model. 5, 6, 11 Due to the nature of antipsychotics, risperidone has antihistaminergic and noradrenergic actions as well as its putatively therapeutic serotonergic and dopaminergic effects. 19 The effects of histaminergic and noradrenergic blocking properties on sleep could be assumed to work in the same way as the serotonergic one, since histaminergic and noradrenergic cells are also monoaminergic REM-off neurons. Monoaminergic blocking properties of risperidone might potentially result in disinhibition of GABA-ergic neurons in the ventrolateral preoptic nucleus (VLPO), resulting in increased inhibition of cholinergic REM-on neurons. This kind of indirect effect of risperidone might partially contribute to the counterintuitive observation of reduced REM sleep duration for the risperidone night. 20 As the study design entails a fixed sequence of events, there might be concerns about the habituation effect on the results. In this study, we prepared matched control data, in which the subjects spent 3 successive nights in the laboratory with no drugs being administered. There was no difference in the traditional sleep variables, normalized transition probabilities, or REMonset intervals between the second night and the third night. As for global transition probabilities, the probability of transitions from N1 to REM sleep was significantly greater for the third night than for the second night, but the difference of the percentage itself was quite small (3.6% for the second night and 3.9% for the third night). These results indicate that the differences observed in the experimental group between nights are caused by the effect of risperidone. Moreover, the adopted method of pair matching in the analysis of the relationship between the REM-onset interval and the corresponding transition probability within the same interval, in which each pair is matched by the same subject and the same sleep cycle, helps to control the possible variability between subjects and also between sleep stages during the nights.
In conclusion, we demonstrate that sleep stage transitions may play an important role in the determination of the ultradian REM sleep rhythm. Dynamic transition analysis is thus shown to be a useful tool in revealing the neural basis of sleep regulation, and to provide novel insights into the unexplained mechanism(s) responsible for the ultradian rhythm.
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The authors thank Tadao Hori for his cooperation in this study. The authors are grateful to David M. Rapoport for his helpful comments on this paper. This study was partly supported by interval for the risperidone night, the mean peak time of the intensity of the transitions from N2 to N3 was significantly delayed, approximately 90 min from the beginning of the REMonset interval, which should be the time to make the transition to REM. Further, the number of peaks of the intensity of the N2 to N3 transitions was significantly increased, indicating the recurrences of the wave of transitions toward deep sleep within one REM-onset interval.
These results suggest that the underlying mechanism partially altered by central serotonergic and dopaminergic antagonist, which generates the delayed and recurring intensity of the transitions from light (N2) to deep (N3) sleep, leads to the prolongation of REM-onset intervals. This could be interpreted as indicating that a "sub-ultradian" cycle of light (N2) to deep (N3) sleep within the ultradian REM sleep rhythm might influence the ultradian cycle itself, and supports our hypothesis that the stage transition mechanism plays an important role in the determination of the ultradian REM sleep rhythm.
The notion of a negative correlation between slow wave sleep duration and REM latency in the first sleep cycle has been widely documented. Åkerstedt et al. showed that REM latency was positively correlated with the amount of slow wave sleep in the first cycle, but negatively correlated with slow wave sleep latency. 32 Bunnell et al. investigated the effect of daytime maximum exercise on nocturnal sleep and reported that subjects who exercised regularly displayed an increased duration of slow wave sleep, coupled with an increased REM latency. By contrast, subjects who took no regular exercise displayed a shortened REM latency and duration of slow wave sleep in the first sleep cycle. 33 It has also been shown that patients with depression have a shortened REM latency and reduced slow wave sleep, possibly due to little slow wave sleep pressure. 34 This is clearly related to the notion of a prolonged REM-onset interval with an increased propensity to enter slow wave sleep.
In this context, because many studies have also shown that selective 5-HT 2 antagonists, ritanserin and ketanserin, enhance slow wave sleep duration, [35] [36] [37] [38] [39] [40] [41] [42] [43] it may be argued that simply enhancing slow wave sleep duration via 5-HT 2 blockade prolongs ultradian REM-onset intervals. However, our data have shown that, while the dual blockade of serotonin 5-HT 2 and dopamine D 2 receptors significantly increased N2 durations, it did not result in increased N3 duration, 20 but instead in a significant increase in transitions between N2 and N3. This suggests a possible role of dopaminergic neurons, not slow wave sleep duration, in controlling such transitions within NREM sleep stages and allowing the prolongation of REM-onset intervals.
The general pattern of monoaminergic cell activities, such as those of serotonergic, histaminergic, and norepinephrinergic neurons, is the highest during waking, gradually decreases during NREM sleep, and reaches its nadir during REM sleep. 7 This is consistent with our finding of increased transitions from light to deep sleep caused by monoaminergic antagonist, but further makes us expect an earlier appearance of REM sleep. The dopaminergic cell, however, increases terminal release in REM sleep, unlike other monoaminergic neurons, and is quiet during NREM sleep, [44] [45] [46] suggesting a particular role of dopaminergic neurons in prolonging ultradian REM sleep rhythm when they are blocked, as well as controlling within NREM sleep stage transitions. Although detailed mechanisms Values of traditional sleep variables for the second night and the third night for the control group are presented as means ± Sd. There was no significant difference between the second night and the third night. Global transition probabilities between Waking (W), ReM sleep (R), N1, N2, and N3 for the baseline night and the risperidone night for the experimental group. The labels (W, N1, N2, N3, and R) in the rows denote the preceding states, and those in the columns denote the subsequent states of transitions. **p < 0.01 and *p < 0.05 from the baseline night. 
